Role of glucose repression in the oxidative stress response of Schizosaccharomyces pombe: analysis of transcript levels of fbp1, hxk2, sod1 and ctt1 genes in sty1, atf1 and pap1 knock-out mutants
Introduction
Glucose is the preferred carbon and energy source for most organisms. Glucose also plays a key role as a signaling molecule in the regulation of many biological processes. In the fission yeast Schizosaccharomyces pombe, extracellular glucose is detected by Git3 G-protein coupled receptor (GPCR), which generates an intracellular signal via the cAMP-dependent protein kinase A, Pka1. This signal is transmitted to downstream pathways such as hexose transport, glycolysis, the utilization of alternative carbon sources, the oxidative stress response, respiration, sporulation, and gluconeogenesis (Maeda et al., 1994; Fernandez et al., 1997; Carlson, 1999; Welton and Hoffman, 2000; Hoffman, 2005) . Pka1 is very important in glucose signaling. For example, it regulates both sexual development and gluconeogenesis through the differential phosphorylation of the transcription factor Rst2, an important component in the glucose repression response (Higuchi et al., 2002) .
In S. pombe, the stress response follows the activation of the mitogen activated protein kinase (MAPK) pathway, which occurs under various adverse environmental conditions. The MAPK pathway includes a set of three conserved protein kinases, the most important of which is the stress-activated kinase, Sty1. Sty1 plays a key role in the stress responses to high temperature, osmotic stress, oxidative stress, nutrient limitation, and heavy metal toxicity (Shiozaki and Russell, 1995; Degols et al., 1996; Shiozaki and Russell, 1996; Degols and Russell, 1997; Samejima et al., 1997) . The transcription factors Atf1 (with or without Pcr1) and Pap1 are triggered by Sty1. Atf1 is responsible for cell division under osmotic stress, but not under oxidative or ultraviolet stress Reiter et al., 2008) . Pap1 is responsible for survival under oxidative stress, but not under osmotic stress or nutrient limitation (Kumada et al., 1996; Nguyen and Shiozaki, 2002) . These transcription factors trigger the expression of stress response genes such as apt1, ctt1, sod1, pmd1, trr1, and trx2 (Toone et al., 1998; Mutoh et al., 2002; Madrid et al., 2004) . Moreover, the transcription of fbp1, which encodes the gluconeogenesis enzyme fructose-1, 6-bisphosphatase (Fbp1), is regulated via MAPK, Sty1, and cAMP (Neely and Hoffman, 2000) . The activation of the Pka1-Rst2 pathway inhibits the expression of fbp1, whereas the activation of Sty1 stimulates its transcription (Higuchi et al., 2002) .
In our previous studies we showed that the oxidative stress response was affected by the glucose sensing/ signaling pathway in glucose-repression-resistant mutants (ird5, ird11, ird13, and ird14) of S. pombe (Kig et al., 2005; Palabiyik et al., 2012; Palabiyik et al., 2013) . The ird5 mutant is resistant to oxidative stress induced by H 2 O 2 . Although ird5 shows the strongest glucose repression (close to that of the wild type) among these mutants, its elevated expression of fbp1 (Palabiyik et al., 2013) might be due to the reduced efficiency of glucose consumption (Kig et al., 2005) . Glucose depletion results in resistance to oxidative stress in S. pombe (Madrid et al., 2004; Roux et al., 2009) . Therefore, to explore the relationship between glucose sensing/signaling and the oxidative stress response, we generated mutants of sty1, atf1, and pap1, all of which encode important components of the oxidative stress response in ird5 and wild-type backgrounds. Deletion analysis is a useful and reliable way to study the functions of genes in S. pombe. We used a PCR-based method that enabled the straight forward direct deletion of target genes from the genomes of S. pombe ird5 mutant and wildtype cells. We constructed three cassettes containing the selectable marker kanMX6 and deleted sequences of the aft1, pap1, and sty1 genes. These cassettes were similar to the modular kanMX6 cassette system described by Bähler et al. (1998) and Hentges et al. (2005) , except that they contained long sequences (200-600 bp) flanking the target genes. We created new S. pombe mutants with target gene deletions (972atf1 to determine the transcript levels of fbp1 and hkx2, which are involved in glucose repression, and sod1 and ctt1, which are involved in the oxidative stress response pathway in the deletion mutants. Table 1 shows the S. pombe strains used in the present study. The mutant cells of S. pombe ird5 were cultured on selection medium [0.5% (w/v) yeast extract, 3% (w/v) sucrose, and 400 µg/mL 2-deoxy-D-glucose (2-DOG)], while the wild-type cells were cultured in standard rich medium (YE). Synthetic sporulation medium (SPA) was used to induce sporulation (Gutz et al., 1974; Moreno et al., 1991) . Cells expressing the deleted-gene cassettes were selected on solid YE plates containing 100 µg/mL G418 (Roche Molecular Biochemicals, Mannheim, Germany).
Materials and methods

Fission yeast strains and media
Bacterial strain
The host strain used in this study was Escherichia coli DH5a. The pFA6a-kanMX6 plasmid harboring bacterial genes, conferring resistance to G418 (Roche), were added to a final concentration of 100 mg/L to 5 mL of LB medium (in w/v: 1% tryptone, 0.5% yeast extract, and 1% NaCl). The cells were grown overnight at 37 °C with shaking at 150 rpm. 2.3. Genomic DNA isolation from S. pombe Genomic DNA was isolated from S. pombe cells as described by Bähler et al. (1998) . Wild-type S. pombe cells were grown overnight to log phase in 5 mL of YE medium at 30 °C with shaking at 180 rpm, and then harvested by centrifugation at 4000 × g. The cell precipitate was suspended in 0.2 mL of lysis buffer [2% (v/v) Triton X-100, 1% (w/v) SDS, 100 mM NaCl, 10 mM Tris, 1 mM EDTA; pH 8.0]. Next, 0.2 mL of phenol: chloroform: isoamyl alcohol (25: 24: 1) and 0.3 g of acid-washed glass beads were added, and the cells were disrupted using a homogenizer (Sartorius Instruments, Belmont, Surrey, UK) for 4 min (1 min homogenizing and 1 min on ice, twice). Lastly, 1 mL of ethanol was added to the mixture and the mixture was centrifuged at 20,000 × g. The pellet was dissolved in 50 mL of water and stored at -20 °C.
Construction of deletion cassettes
The deletion cassettes were constructed using two-rounds of PCR amplifications and two sets of primers for each gene. In the first round, the upstream and downstream sequences of each gene were amplified in two separate PCR reactions using ExTaq polymerase (Takara, Otsu, Japan). For these reactions, genomic DNA was used as the template, and gene-specific primers were used to amplify the upstream and downstream sequences. For example, for the pap1 gene, the upstream primer pair was 5′-CGAAACGAACGCGTTTTCAGG-3′ (F), and ggggatccgtcgacTTCACAAAGCAATGCAAGATGAA GG-3′ (R), and the downstream primer pair was 5 ′ -atgaatcggccaacgcgcggCCT T T T TGT T T T TCT TCGCCTCGTG-3′ (F), 5′-GCCTTTGGTCGACG AATA TTAGCATC-3′ (R) (primer sequences for kanamycin resistance gene are shown in lower case). The amplified sequences were approximately 285-606 bp away from the target genes. The primer sequences for all target genes are shown in Table 2 . The amounts of enzyme and buffer were as recommended by the suppliers and PCR reactions were performed in 0.5-mL tubes. Each PCR mixture (total volume, 25 µL) contained 2.5 µL of 10X buffer, 0.5 mM of each dNTP, 2 µM of each primer, and 1 µL (~ 100 ng) of genomic DNA from the wild type as the template. The thermal cycling conditions were as follows: 45 cycles at 95 °C for 45 s, 55 °C for 1 min, and 72 °C for 2 min, followed by a final extension at 72 °C for 10 min.
For the second round of PCR, the products from firstround PCR (upstream and downstream sequences of each gene) and the pFA6a-kanMX6 plasmid were used as the template, and gene-specific sequences were used as primers (in the case of pap1; 5′ -CGAAACGAACGCGTTTTCAGG-3′ (F), 5′ -GCCTTTGGTCGACGAATATTAGCATC-3′ (R)). The deletion cassettes were amplified using the Long Template PCR System (Roche, Indianapolis, IN, USA) ( Table 3 ). The amounts of enzyme and buffer were as recommended by the suppliers. The PCR reactions were performed in 0.5-mL tubes. Each PCR mixture (total volume, 25 µL) contained 5 µL of 5X buffer (containing 1.75 mM MgCl 2 ), 0.4 mM of each dNTP, 2 µM of each primer, and the template (first-round PCR products and pFA6a-kanMX6 plasmid) adjusted to a final concentration of 500 ng. The cycling conditions were as follows: 10 cycles at 94 °C for 10 s, 59 °C for 30 s, and 68 °C for 1 min; 25 cycles at 94 °C for 15 s, 59 °C for 30 s, and 68 °C for 1 min, and then a final extension at 68 °C for 7 min. In each cassette, the KanMX module product was joined together Table 2 . Primers for knock-out cassettes. Primer sequences for the kanamycin resistance gene are shown in bold lower case letters.
Primer
Sequence (5′-3′)
with two fragments (in the case of pap1; 285 bp and 606 bp fragments corresponding to the 5′ and 3′ flanking region of the target ORF respectively).
Recovery of PCR products
After electrophoretic analysis of DNA fragments on a 1.5% (w/v) agarose gel, the desired DNA fragments (knock-out cassettes) were recovered from the gel in ultra-pure form using a gel DNA Recovery Kit (Roche). The losses during recovery were minimal. This procedure was performed according to the manufacturer's instructions.
Transformation of cassettes into S. pombe
Cells of S. pombe were transformed using the lithium acetate method developed by Bähler et al. (1998) . For each transformation reaction, the lithium acetate-treated cells (~ 2 × 10 7 cells) were mixed with a 10 µg knockout cassette, and then spread on YE plates and incubated for 24 h at 30 °C. Replica plates (YE medium containing G418 for selection) were also prepared. Drug-resistant colonies appeared after 4-5 days of incubation. 2.7. Colony PCR Correct integration of the cassettes was verified by the colony PCR method. Ten colonies of S. pombe growing on selection medium were picked with a toothpick and diluted in distilled water. This cell suspension was directly used as the template for PCR, with the following forward primers (for atf1: 5′-TGGGATCTATGTGGTGGCAA-3′; for pap1: 5′-TGGAGGCTAGACTCAGCGCA-3′, and for sty1: 5′-GAAATCAAAACGCGGACGCT-3′) and a reverse primer corresponding to the kanamycin gene (5′-ttgcccgacattatcgcgag-3′). The PCR reactions included ExTaq polymerase and enzymes, and buffer at the concentrations recommended by the suppliers. The PCR reactions were conducted in 0.5-mL tubes. Each mixture (total volume, 25 µL) contained 2.5 µL of buffer with 0.5 mM each dNTP, 2 µM each primer, and 1 µL of cell suspension (approximately 10 5 cells) as the template. The thermal cycling conditions were as follows: 45 cycles at 95 °C for 45 s, 55 °C for 1 min, and 72 °C for 2 min, followed by a final extension at 72 °C for 10 min.
Generation of triple mutants
The mating types of all mutants (ird5atf1
, and 972sty1 -) obtained in this study were determined with 975h + and 972h -as tester strains. All crosses were performed on SPA medium and were incubated at 25 °C for 3 days. Tetrads were isolated using a de Fonbrune-type micromanipulator. The spore clones were grown on YEA master plates and then replicated on MMA plants containing 2-DOG and G418. The genotypes of ascospores were determined by amplifying relevant genes by colony PCR.
Induction of oxidative stress
In the present study, deletion-carrying ird5 and wildtype cells were grown to the log phase in rich medium (YEL) at 30 °C with shaking at 180 rpm. Each culture was divided into two groups: a control group and a test group. For the test group, H 2 O 2 (2 mM) was added to create mild oxidative stress (Queen et al., 2002) , and the cells were incubated for 1 h. The test and control cultures were diluted to yield approximately 10 2 -10 3 cells/plate, and then cultured in YEA medium. The colonies on each plate were then counted to obtain the ratio of survival between the test group and control group as described by Nur et al. (2014) . These values are shown as viability percentages. 2.10. RNA isolation and cDNA synthesis Total RNA was extracted from cells using a High Pure RNA Isolation Kit (Roche), and cDNAs were synthesized using a Transcriptor High Fidelity cDNA Synthesis Kit (Roche) according to the manufacturer's instructions.
Quantitative real-time polymerase chain reaction
To analyze the transcript profiles of various genes in cells grown under these conditions, SYBR green-based quantitative real-time qRt-PCR was performed using Stratagene technology (Stratagene, La Jolla, CA, USA). The actin gene from S. pombe served as the reference gene , 2006) . Changes in gene transcript levels were calculated using MxPro software (Stratagene). The primers used in this study, specific to the target genes, were designed in our previous study using the "Primer 3" program (Palabiyik et al., 2012) . All of the primers are shown in Table 4 . The qRt-PCRs were performed using the Green FastStart SYBR Master Kit (Roche). The conditions for qRt-PCR varied according to the primers' annealing temperatures. Reactions were conducted in 0.5-mL tubes. Each PCR mixture (total volume, 25 µL) contained 2.5 µL of 10X buffer, 0.5 mM of each dNTP, 2 µM of each primer, and 1 µL (~ 100 ng) of cDNA as the template. The thermal cycling conditions for the melting curve analysis were as follows: preincubation at 95 °C for 1 min; 45 cycles at 95 °C for 15 s, 55 °C for 30 s, and 72 °C for 30 s; and then 1 cycle at 95 °C for 1 min, 55 °C for 30 s, and 95 °C for 30 s.
Statistical analysis
Data are given as mean values ± standard deviation for two or three experiments. Statistical comparisons were made using the one-way ANOVA module of GraphPad Prism 5. Statistical significance was evaluated by the Tukey test. P < 0.05 was considered significant.
Results
Construction of deletion mutants
Two sequential PCR amplifications were conducted to obtain the atf1, pap1, and sty1 knock-out cassettes. The kanamycin resistance gene (flanked by the P TEF promoter and T TEF terminator sequences) was located in the middle of each cassette, between sequences from the flanking regions of each gene. After transferring the cassettes into S. pombe, the long regions encompassing the target genes were those at which homologous recombination occurred in the host genome (Figure 1 ). These cassettes were transformed into the ird5 mutant using kanMX6, yielding atf1, pap1, and sty1 disruptions via homologous recombination. Transformants were selected based on their resistance to G418 and 2-DOG. Colony PCR analyses confirmed the gene deletions (Figure 2) .
Viability of S. pombe mutants under oxidative stress
To explore the link between the oxidative stress response and glucose repression in S. pombe, we deleted some of the stress-response elements from the glucose repressionresistant mutant ird5 and the wild type. We compared the survival rates of the resulting ird5 double mutants (ird5atf1 (Figure 3) . All of the mutants in both backgrounds were sensitive to oxidative stress; the mutants of pap1 were the most sensitive (survival rates of <1.5%). The fact that both id5 double mutants and wild-type single mutants showed decreased resistance to oxidative stress and confirmed that each of the oxidative stress response elements are very important in the stress resistance response of S. pombe. We were not able to analyze the transcript profiles of genes related to the stress response in glucose repression in these mutants because their survival rates were too low.
Generation of triple mutants
Transcript levels of genes related to glucose metabolism in S. pombe mutants
To determine whether glucose repression was maintained and how glucose was used in the ird5 double mutants, we determined the transcript levels of fbp1, a marker for Table 4 . Sequences of gene-specific qRt-PCR primers.
Gene
Primer Sequence
glucose repression (Hoffman and Winston, 1989, 1990) , and hxk2, which is required for glucose metabolism (Petit et al., 1996) in the mutants, and corresponding control lines under both stressed and nonstressed conditions. The transcript profiles of fbp1 and hxk2 in the double mutants were roughly similar to those in the single mutants under both stressed and nonstressed conditions ( Figure  4 ). Under nonstressed conditions, the levels of fbp1 transcripts were slightly higher in all of the mutants than they were in the controls (Figure 4 ). Under mild oxidative stress, the transcript levels of fbp1 were slightly lower in all of the mutants than they were in the controls. The upand downregulated responses of fbp1 were slightly greater in sty1 mutants than in atf1 and pap1 in both genetic backgrounds.
As expected, all of the mutants showed decreased transcript levels of hxk2 under both stressed and nonstressed conditions, compared with those in the corresponding control lines (Figure 4) . The decreased transcript levels of hxk2 and fbp1 in all mutants, under mild oxidative stress, could have resulted from the very low viabilities of the mutants under these conditions ( Figure  3) . Together, these results showed that atf1, pap1, and sty1 are important components of the glucose metabolic pathway and downstream pathways in S. pombe. 3.5. Transcript profiles of genes related to the oxidative stress response in S. pombe mutants Next, we analyzed the transcript levels of genes encoding cellular antioxidants in eukaryotic cells from yeast to mammalian (Ekoue and Diamond, 2014) . The transcript levels of sod1 and ctt1, encoding superoxide dismutase and catalase, respectively, were analyzed in ird5 double mutants and 972 wild-type single mutants. Under stressed and nonstressed conditions, the transcript level of sod1 was 2-, 9-and 10-fold higher in 5A, 5P, and 5S double mutants, respectively, than in the ird5 control, but was more than 100-fold higher in all of the wild-type single mutants than in the wild-type control ( Figure 5 ). Therefore, the transcript level of sod1 was much higher (several hundred fold) in single mutants than in double mutants under both stressed and nonstressed conditions. Under nonstressed conditions, the transcript level of ctt1 was approximately 3-, 4-, and 6-fold higher in 5A, 5P, and 5S double mutants, respectively, than in the ird5 control. Among the single mutants, however, only 9P showed a slight decrease in ctt1 transcript levels under nonstressed conditions, compared with that in the wildtype control ( Figure 5 ). However, these differences were not significant.
We also compared transcript levels of sod1 and ctt1 in single mutants and double mutants under mild oxidative stress. In the double mutants, there were only slight differences in sod1 transcript levels between stressed and nonstressed conditions. Specifically, the sod1 transcript level was drastically increased in 5A and 5S, and unchanged in 5P under mild oxidative stress ( Figure 5 ). For the 9P and 9S single mutants, however, there was a marked increase (several hundred fold) in sod1 transcript levels under mild oxidative stress, compared with that in unstressed conditions ( Figure  5 ). The ctt1 transcript levels increased in response to mild oxidative stress in all of the double mutants and only in one of the single mutants (9S). However, these differences were not significant ( Figure 5 ). The transcriptional profiles of sod1 and ctt1 in ird5 double mutants and wild-type single mutants showed that sod1 and ctt1 play important roles alongside atf1, pap1, and sty1 in glucose metabolism and downstream pathways, as well as in oxidative stress response pathways.
Discussion
The results of our previous studies showed that the deficiency of glucose repression in ird mutants has led to oxidative stress resistance. We had suggested that in the glucose repression-resistant mutant ird5, glucosedepletion conditions led to a low glucose consumption rate and triggered an adaptive response to oxidative stress (Palabiyik et al., 2013) .
We deleted genes encoding a key enzyme (Sty1) and transcription factors (Atf1 and Pap1) in the stress response of S. pombe to study the role of glucose repression in oxidative stress resistance (Vivancos et al., 2006) . Atf1 and Pap1 are involved in regulating cellular defenses against increasing intracellular oxidative stress in S. pombe (Gacto et al., 2003) . We determined the survival rates of the resulting 5A, 5P, and 5S double mutants and the 9A, 9P, and 9S single mutants under mild oxidative stress. All of the mutants were sensitive to oxidative stress, and especially 5P and 9P mutants (Figure 3) . The high sensitivities of 5P and 9P mutants may be due to the oxidative stress response being regulated via the Pap1 transcription factor under mild oxidative stress in S. pombe (Quinn et al., 2002) . However, previous studies showed that cells lacking Sty1 and Atf1 were sensitive to oxidative stress, but Pap1 -cells were not (Shiozaki and Russell, 1995; Degols and Russell, 1997; Toone et al., 1998; Nguyen and Shiozaki 2002; Kim et al., 2006) . In our previous study, ird5 mutants were more resistant than the wild type to mild oxidative stress (Palabiyik et al., 2013) . The fact that all of the deletion mutants in this study were sensitive to oxidative stress demonstrates that Sty1, Atf1, and Pap1 are very important in the oxidative stress resistance of S. pombe.
Next, we focused on how glucose repression was maintained and how glucose was used in these mutants under mild oxidative stress. For these analyses, the transcript levels of fbp1 and hxk2 genes in the ird5 double mutants were determined by qRt-PCR. hxk2 encodes Hxk2 at the start of the glycolytic pathway, and fbp1 encodes the gluconeogenesis enzyme Fbp1. The transcript profiles of fbp1 and hxk2, in the ird5 double mutants, were similar to those in the wild-type single mutants under both stressed and nonstressed conditions ( , and all values are normalized to that of actin. Statistical significance was evaluated by the Tukey test. ***P < 0.0001; **P < 0.001; *P < 0.05. wt = wild-type 972. Error bars, ± SD. 5A: ird5atf1; 5P: ird5pap1; 5S: ird5sty1; 9A: 972atf1; 9P: 972pap1; 9S: 972sty1. 4). The expression of fbp1 is regulated through Sty1 and cAMP in S. pombe (Neely and Hoffman, 2000) . Glucose pathways and oxidative stress pathways are linked in S. pombe because glucose depletion causes resistance to oxidative stress (Roux et al., 2009; Roux et al., 2010; Zuin et al., 2010) . The downregulation of hxk2 in S. pombe mutants can result in upregulation of fbp1. Therefore, the decrease in glycolytic flux in the mutants, reflected by their decreased hxk2 transcript levels, may have led to an increase in gluconeogenesis, as reflected by their increased fbp1 transcript levels. These results indicate that the stress response elements Sty1, Atf1, and Pap1 play important roles in energy metabolism in S. pombe.
In previous studies, under oxidative stress conditions, the expressions of tpx1 (encoding thioredoxidase), sod1, and ctt1 were quickly induced in a Pap1-dependent manner (Toone et al., 1998; Mutoh et al., 2002) , whereas the expression of gpx1, encoding glutathione peroxidase, was controlled by Atf1 (Toone et al., 1998) . In our previous study, the transcript levels of pap1 and sty1 increased in ird5, a strain resistant to glucose repression and oxidative stress, under both stressed and nonstressed conditions (Palabiyik et al., 2013) . In the present study, we evaluated the transcript levels of sod1 and ctt1 in double and single mutants and their respective controls. Although there was no significant difference, with the exception of the 5S double mutant, the transcript level of ctt1 was higher in the ird5 double mutants than in the ird5 control, but lower in the wild-type single mutants than in the wild-type control ( Figure 5 ). In contrast, the transcript level of sod1 was approximately 2-to 10-fold higher in the ird5 double mutants than in the ird5 control, but more than 100-fold higher in all wild-type single mutants than in the wildtype control ( Figure 5 ). These results suggest that under nonstressed conditions, the oxidative stress response in ird5 double mutants might be via catalase, while that in wildtype single mutants might be via superoxide dismutase. The expression level of ctt1 is regulated by Pap1 and Sty1, while that of sod1 is regulated only by Pap1 under oxidative stress (Toone et al., 1998; Mutoh et al., 2002) . Furthermore, ctt1 is expressed in response to oxidative stimuli at a wide range of concentrations, whereas the expression levels of sod1 and transcription factors (Atf1 and Pap1) depend on the concentration of the oxidative stimulant (Gacto et al., 2003) . These results, related to sod1, were inconsistent with our previous findings that sod1 and ctt1 transcript levels were not significantly different between ird5 mutants and wild-type cells (Palabiyik et al., 2013) . In this context, the deletion of stress response elements such as Atf1, Pap1, and Sty1 may have led to oxidative stress damage in these mutants. The transcript levels of sod1 changed markedly in the mutants under oxidative stress conditions, while that of ctt1 altered slightly ( Figure 5 ). The transcript levels increased markedly in 9P and 9S, but not in 9A under mild oxidative stress. The transcript levels increased in the ctt1 gene in all of the double mutants, but only in one of the single mutants (9S) under oxidative stress were not significantly different. These results indicate that the antioxidant responses in ird mutants differ from those in single mutants. That is, under both stressed and nonstressed conditions, the transcript profiles of sod1 and ctt1 in double mutants were roughly similar, but those in single mutants were not. Neither ird5 double mutants nor single mutants in the wild-type background were resistant to oxidative stress (Figure 3 ). These results suggested that the glucose sensing/signaling pathways are more strongly related to Ctt1 than to Sod1 in the cellular antioxidant defense mechanism of S. pombe.
These changes in the transcript levels of sod1 and ctt1 genes in ird5 double mutants and wild-type single mutants show that sod1 and ctt1 play important roles alongside atf1, pap1, and sty1 in glucose metabolism and downstream pathways, as well as in oxidative stress response pathways in S. pombe. The downregulation of hxk2 and the upregulation of fbp1 in S. pombe mutants can cause a decrease in the glycolytic flux. Therefore, the resulting glucose depletion signal may have led to an adaptive response to oxidative stress in these mutants, even under nonstressed conditions.
